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Abstract  
When it comes to testing for differences in seedling survival, researchers 
sometimes make a Type II statistical error (i.e. failure to reject a false null hypothesis) 
due to the inherent variability associated with survival in tree planting studies. For 
example, in one trial (with five replications) first-year survival of seedlings planted in 
October (42%) was not significantly different (alpha = 0.05) from those planted in 
December (69%). Did planting in a dry October truly have no effect on survival? 
Authors who make a Type II error might not be aware that as seedling survival 
decreases (down to an overall average of 50% survival), statistical power declines. As a 
result, the ability to declare an 8% difference as “significant” is very difficult when 
survival averages 90% or less.  We estimate that about half of regeneration trials 
(average survival of pines <90%) cannot declare a 12% difference as statistically 
significant (alpha = 0.05).  When researchers realize their tree planting trials have low 
statistical power, they should consider using more replications.  Other ways to 
increase power include: (1) use a one-tailed test (2) use a potentially more powerful 
contrast test (instead of an overall treatment F-test) and (3) conduct survival trials 
under a roof. 
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1 Introduction 
Although researchers often fail to reject the null hypothesis, they should never 
accept a null hypothesis.  Even so, often researchers conclude that various treatments 
did not affect seedling survival.  This may be true when the difference between means 
is very small.  However, in several studies, an examined factor was not significant (α= 
0.05) but the treatment increased survival of pine seedlings by at least 20% (Table 1).  
Could this type of increase be both biologically significant and statistically 
insignificant?  This certainly can happen when the study design has low statistical 
power. 
There is always a chance that some of our conclusions about treatment effects 
are wrong (Park 2008).  Simply due to chance, researchers might conclude a treatment 
worked, but in reality it didn’t (i.e. Type I error).  More commonly we say the 
treatment had no effect on seedling survival, but there really was a treatment effect 
(i.e. Type II error).  Examples of possible Type II errors are provided in Table 1.  
Because of a combination of limited resources and tradition, the design of most 
seedling survival trials has insufficient replication to detect a “true” 8% difference in 
survival.  This is because most researchers in the southern United States use four 
replications or less.  Installing additional replications will cost more, but it will also 
improve the power of survival tests (i.e. 1 - beta value). 
Table 1. Examples of forest regeneration studies where the listed treatment increased seedling survival by more than 8% 
but the increase was not statistically significant (α = 0.05). A Type II error is likely (see comments) but the power of the 
test was too low to declare the increase as statistically significant. 
 
We have noticed that statistically, it may be relatively easy to declare a 30 cm 
increase in height as significant, but hard to declare an 8% difference in seedling 
survival as statistically significant. This is partly because when average survival 
becomes less than 90%, the standard errors increase. There are various ways to 
increase the power of our tests (Table 2), but many choose to use less than 5 
replications and some analyze trials with a simple multiple-range test (see various 
Treatment that 
increased survival 
Treatment 
increased 
survival 
(%) 
Comment Reference 
Container stock 9 10% increase was significant at 0.05 Hay and Rennie 1983 
Shear and pile 10 Height and diameter growth increased DeWit and Terry 1983 
September herbicide 13 Weed control was significant at 0.05 Ezell et al. 2013 
High site preparation 15 Was significant at 0.05 four years earlier Boyer 1989 
Lifting in January 19 Was significant at 0.01 the previous year Williams and South 1995 
March planting-LA 20 LSD = 8% for Arkansas planting dates Venator and Mexal 1981 
Wide spacing 21 High stocking increases mortality Schubert et al. 2004 
Nursery #19 22 27% increase was significant at 0.05 Larsen et al. 1989 
December planting 27 29% increase was significant at 0.05 Venator and Barnett 1985 
Control 32 Fire killed seedlings P>F =0.067 Clabo and  Clatterbuck 2015 
Herbicides 38 Greatest level of weed control Schoenholtz and Barber 1989 
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examples in volumes 1 to 14 of the Biennial Southern Silvicultural Research 
Conferences (BSSRC)). 
We and others have pointed out the importance of replications in both 
nursery (VanderSchaaf et al. 2003) and field trials (Zedeker et al. 1993; Foster 2001).  
In a previous paper, we examined the decline in power as plantations get older and 
increase in biomass (South and VanderSchaaf 2006). In this paper, we examine the 
impact of replication on the (a priori) power of establishment trials that report 
survival. In several cases, the power of the statistical test was so low that it was not 
able to declare a 20% difference as significant.  Perhaps one reason authors don’t 
typically report statistical power (Peterman 1990) is because the statistical power is 
low or because they only care about making Type I statistical errors. This paper 
examines various ways to increase the power of regeneration trials. 
Table 2. The probability of correctly rejecting a null hypothesis (when the null hypothesis is false) is influenced by various 
factors. 
 
2 Methods  
2.1 Simulation studies  
 
Computer simulations were created to examine the effects of replication on 
standard error, standard deviation, LSD and power.  Simulation #1 assumed a 
completely randomized design (CRD) with two treatments.  Plot size for experimental 
units did not vary (i.e. the experimental area doubled when the number of replications 
doubled). Simulation #2 involved a randomized complete block design (RCB) with two 
treatments and a total of 200 seedlings per treatment.  The numbers of replications 
simulated were 4, 8, 10 and 20, with 50, 25, 20 and 10 seedlings planted per 
experimental unit, respectively. 
 
2.2 Literature survey 
 
We selected 50 papers that were published in the proceedings of the Biennial 
Southern Silvicultural Research Conference (papers are available at 
www.cpe.vt.edu/ssrc/bssrc-proceedings.html). Only papers that involved pine 
seedlings and detected a significant difference (α = 0.05) are included in Table 3.  
Factor 
Statistical power increases 
with 
Comment Examples 
Number of replications More replications Increases error degrees of freedom Figures 2 and 3 
Number of treatments More treatments Increases error degrees of freedom Land et al. 2004 
Alpha value A larger alpha value Increases Type I errors Xydias 1983 
Type of test One-tailed tests Tested for a detrimental effect Paquette et al. 2011 
Contrast statements 
Use of contrast tests 
statements 
Reduces P-values Blake and South 1991 
Variability among plots Less experimental noise Use trained hand-planters Rowan 1987 
Difference in means Larger mean difference 
Withhold rainfall to increase 
mortality 
South et al. 2012 
Blocking on variable sites Correct blocking Typically reduces error term South and Miller 2007 
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Papers that did not report either F-test or mean comparison test results (e.g. Hassan 
and Silva 1999) were not included in the survey. In cases where multiple pairs of 
means were declared different, the pair with the smallest difference was selected. 
Various mean comparison tests were included and in some cases, the type of test used 
was not reported. In theory, most values listed in Table 3 are slightly greater than an 
LSD value. The difference between the two means (B-A) was plotted on the y-axis and 
the lower mean (A) was plotted on the x-axis (Fig. 1). 
 
Figure 1. The relationship between the smallest significant difference (B-A from Table 2) and lower survival value (A from 
Table 2).  Detecting a 10% difference in survival is likely when average seedling survival is greater than 90% but unlikely 
when average survival is less than 70%.  For this dataset, the LSD values appear to increase as the survival of the lowest 
treatment mean decreases. 
 
3 Results 
Simulations that varied replications revealed contrasting results.  The standard 
error decreased when doubling replications involved doubling the area planted (Fig. 2) 
but the standard error increased when doubling replications resulted in smaller (i.e. 
fewer seedlings per plot) experimental units (Fig. 3). 
The BSSRC survey suggests that an 8% difference in survival may be declared 
significant in less than 3 out of 10 trials.  More than 1 out of 5 trials cannot detect a 
15% difference in survival (Fig. 1).  Due to low statistical power (1-beta), many trials 
are not able to detect a significant difference in survival, even when the treatment 
caused a “real” increase in survival. 
The survey data also indicate that statistical power declines as seedling 
mortality increases.  When survival (of the lowest mean) is more than 70%, an 8% 
increase in survival might be declared significant perhaps 4 out of 10 times.  However, 
the chance is near zero when survival (of the lowest mean) is less than 70% survival 
(Fig. 1). The results from a greenhouse trial (Fig. 4) are similar to those obtained from 
the survey results. 
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Figure 2. Simulation #1 used a completely randomized design with two treatment means (85% and 90%).  Each data point 
in the graph represents the average value from 100 simulations.  The size of each experimental unit was the same for 
each data point. Then average values for the standard error, standard deviation (SD) and least significant difference (LSD) 
vary with the number of replications.  A 15% LSD (α = 0.05) can be expected using four replications while a 10% LSD 
requires seven replications.  The star represents an LSD value from a spacing study that contained 22 replications.  The 
standard error of the mean (squares) and standard deviations (diamonds) are also plotted.  An a priori power line (1-beta) 
is plotted assuming a constant standard deviation of 7, α = 0.05 and an 8% survival difference between two means. 
 
Figure 3. Simulation #2 involved randomized complete block design with two treatment means (70% and 80%).  Each data 
point in the graph represents the average value from 10 simulations. The graph shows the relationship between the least 
significant difference (LSD) and number of replications where the size of each experimental unit decreased as the number 
of replications increased. This simulation involved planting 200 seedlings per treatment, regardless of the number of 
replications (i.e. a total of 400 seedlings planted). A 14% LSD (α = 0.05) was achieved using four replications (50 seedlings 
per plot) while a 9% LSD requires twenty replications (10 seedlings per plot). 
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Table 3. Examples of survival means (A;B) reported from 50 selected papers published in various volumes of the 
proceedings of the Biennial Southern Silvicultural Research Conferences (available at www.cpe.vt.edu/ssrc/bssrc-
proceedings.html  Year = year of meeting; Page = location of means A and B). The mean separation test detected a 
significant (α = 0.05) difference between the lower mean (A) and the greater mean (B). In most of these trials, B-A is 
slightly larger than a least significant difference (LSD) value.  RCB = Randomized complete block; CRD = completely 
randomized design. 
A B B-A  (%) Species Year Page Replications 
95 98 3 Loblolly 1999 337 15-RCB 
79 82 3 Loblolly 2003 415 4-RCB 
95 99 4 Loblolly 2005 137 3-RCB 
95 99 4 Shortleaf 1992 266 4-RCB 
92 96 4 Shortleaf 2003 421 6-RCB 
92 96 4 Loblolly 2011 262 4-RCB 
90 95 5 Shortleaf 1986 362 3-RCB 
74 79 5 Slash 1984 84 4-RCB 
91 96 5 Slash 1984 323 3-RCB 
72 77 5 Loblolly 1994 360 4-RCB 
83 88 5 Slash 2005 187 4-RCB 
92 98 6 Loblolly 1990 150 5-RCB 
91 98 7 Loblolly + Virginia 1982 143 3-RCB 
88 95 7 Longleaf 2005 96 6-RCB 
73 80 7 Longleaf 2005 87 3-RCB 
89 97 8 Loblolly 2001 53 3-RCB 
92 100 8 Loblolly 2003 334 4-RCB 
84 92 8 Loblolly 2005 169 3-RCB 
66 75 9 Longleaf 1984 398 5-RCB 
89 98 9 Loblolly 1990 105 4-RCB 
82 91 9 Loblolly 1994 238 3-RCB 
74 84 10 Loblolly 1980 93 3-RCB 
79 89 10 White 1982 129 6-RCB 
80 90 10 Loblolly 2005 122 3-strip-block 
75 86 11 Slash 1986 46 2-RCB 
73 84 11 Loblolly 1986 69 3-RCB 
87 98 11 Loblolly 1986 215 5-RCB 
67 79 12 Longleaf 1986 223 4-RCB 
77 89 12 White 1986 246 3-RCB 
21 33 12 Loblolly 1990 158 8-RCB 
69 81 12 Longleaf 2001 107 3-RCB 
64 77 13 Loblolly 1988 131 3-RCB 
74 87 13 Loblolly 2001 263 4-RCB 
64 77 13 Loblolly 1988 131 3-RCB 
74 88 14 Loblolly 1982 16 3-RCB 
65 79 14 Loblolly 1982 21 15-RCB 
56 70 14 Pit-loblolly 1984 372 4-RCB 
56 70 14 Longleaf 1988 166 4-RCB 
62 76 14 Loblolly 1984 413 5-RCB 
22 37 15 Loblolly 1984 264 4-RCB 
61 77 16 Loblolly 2001 258 3-RCB 
74 91 17 Loblolly 1988 345 3-RCB 
42 59 17 Loblolly 1988 143 12-??? 
53 71 18 Longleaf 1982 72 3-CRD 
78 97 19 Loblolly 1990 42 3-RCB 
69 89 20 Sand 1982 99 3-RCB 
43 64 21 Loblolly 2003 434 4-RCB 
63 86 23 Loblolly 2008 220 4-RCB 
29 52 23 Loblolly 1988 154 8-RCB 
42 71 29 Loblolly 1984 126 5-RCB 
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Figure 4. The relationship between the least significant difference (LSD) and seedling survival (for the lowest reported 
mean out of six treatment means in a randomized complete block design), for stored pine seedlings reported by Jackson 
et al. (2012; table 5).  As survival decreases, the LSD values increased.  Each square (dashed line) represents four 
replications and each dot (solid line) represents 12 replications.  There were 30 seedlings per experimental unit. 
 
4 Discussion 
Prior to installing a seedling survival trial, researchers may ask how to design a 
trial so it might have a chance of detecting an 8% difference in survival.  The following 
discusses several options one might consider. 
 
4.1 Increasing Power by Increasing Study Area  
Sometimes doubling the number of replications doubles the study area and 
hence the number of seedlings planted. Increasing the number of replications (from 4 
to 8) will increase power and will decrease the LSD value (Fig. 1). The effect of 
simulated replications is shown in Figure 2 and an actual case is illustrated in Figure 4.  
As replication increases, the standard error and LSD values decrease. In contrast, the 
standard deviations and coefficient of variation increase slightly (from two to seven 
replications) because more variability is entered into the system as the total number 
of experimental units increase.  In Figure 2, a survival difference of 16% was detected 
with four replications while an 8% difference was detected with ten replications. 
 
4.2 Reducing the LSD by Reducing the Size of the Experimental Unit  
 
For short-term trials, it is possible to increase the number of replications 
without increasing the area planted. For example, a study with four blocks and 50 
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seedlings per experimental unit will require the same number of seedlings as a study 
with eight blocks and 25 seedlings per experimental unit. The trial with eight 
replications will have about the same power as one with four replications, but the LSD 
will likely be smaller (Fig. 3).  When appropriate for short-term study objectives, we 
strongly recommend using 10 seedlings per experimental unit with a minimum of 10 
replications. 
 
4.3 Do Not Use Pseudoreplication  
Pseudoreplication occurs when treatments are not replicated but an ANOVA 
(analysis of variance) is carried out by assuming sub-samples (or in some cases 
individual trees) are the same as replication. A major factor that leads to 
pseudoreplication is an inability (or reluctance) of the author to define the correct 
experimental unit.  Some journal editors do not require ANOVA tables be included in 
manuscripts.  Therefore, one might never know if the error term involved 13 or 2841 
degrees of freedom.  Reviewers who would normally reject non-replicated trials can 
be fooled into thinking that a statistical analysis (that involves pseudoreplication) is 
valid. Although some forestry research involves pseudoreplication (Hay and Rennie 
1983; Dong and Burdett 1986; Smith 1989; Kamaluddin et al. 2005; de Souza et al. 
2016), it should not be used as a method to reject a null hypothesis. 
 
4.4 Higher Alpha Values Increase Power  
A method some silviculturists choose to increase the power of a tree planting 
test is to raise the alpha value (Table 4) and increase the probability of a Type I error.  
Some wisely use a 0.1 level to reduce the Type II error (Walker et al. 1981; Walker et 
al. 1985; Amishev and Fox 2006; Cram et al. 2007; Dean et al. 2013; Scott and Stagg 
2013; Curtis et al. 2015). In some cases an alpha value of 0.15 has been used (Xydias 
1983; Haywood et al. 1998). Regardless of the alpha value selected, authors should list 
the actual p-value for treatment effects. 
Table 4. Effect of alpha value and number of replications on statistical power (1-beta) of experiments with 7% standard 
deviation in survival, (two means of 88 and 80).  Table generated using 
Https://www.stat.ubc.ca/~rollin/stats/ssize/n2.html. 
ALPHA 4 replications 6 replications 10 replications 15 replications 
0.15 0.57 0.70 0.86 0.95 
0.1 0.48 0.63 0.81 0.93 
0.05 0.36 0.50 0.72 0.87 
 
In some trials one-tailed F-tests (or one-tailed t-tests) can be employed and 
this may increase power.  For example, in some cases a researcher is only interested in 
knowing if a treatment increases seedling survival. There may be no real need to know 
if a decrease in survival is “statistically significant.” A one-tailed F-test at a 0.05 alpha 
level produces equivalent results as a two-tailed test at the 0.1 alpha level. This 
knowledge allows researchers to increase statistical power without increasing the 
frequency of Type I errors (since no conclusions are made regarding treatments that 
lower seedling survival). We strongly recommend a priori, one-tailed tests be used for 
survival trials where appropriate. 
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4.5 Pre-planned Contrast Tests Increase Power  
 
In most of the studies in Table 3, means were compared using a test such as 
Duncan’s multiple range test, Tukey’s test or Newman-Keuls test. A few used a pre-
planned contrast procedure (Mize and Schultz 1985; Warren 1986) to test for 
treatment effects.  An example of this method is illustrated in a study with 11 nursery 
treatments and four replications (Blake and South 1991).  When survival ranged from 
89% to 98%, an F-test (p=0.68) suggested no treatment effect. However a pre-planned 
contrast test (that compared only top-pruned treatments) revealed a significant (α 
=0.05) treatment effect. 
 
4.6 LSD as an Indication of Statistical Power  
Although reporting statistical power is important (Peterman 1990), most 
forest regeneration papers do not provide any indication of the power of the test (i.e. 
no LSD values and no beta values). However, when comparing studies with the same 
experimental design, LSD values do provide the reader with some indication of the 
statistical power (Nemec 1991). In one study (Jackson et al. 2012), LSD values were 
reported when comparing six treatment means. This provided an opportunity to 
compare published LSD values (Fig. 4) with Figure 1. As expected, LSD values for pine 
seedlings (outplanted in sand pits) increased as the percent survival (of the lowest 
mean) decreased. Increasing the number of replications decreased the LSD values (Fig. 
4).  When the lowest mean was 80%, the LSD for four replications was about 18% and 
replicating 12 times reduced this to 14%. The predicted LSD values (Fig. 2) were similar 
in magnitude to those in Figure 4.  We recommend researchers routinely report LSD 
values when reporting survival means. This will provide the reader with some idea of 
the power of the test.  However, in certain cases, a lower LSD value is not associated 
with higher statistical power (Fig. 3). 
 
4.7 Roofed Survival Trials  
 
When the objective is to test nursery practices or tree planting treatments on 
first-year survival, then we highly recommend the planting site include a roof that 
protects seedlings from rainfall.  Much time and effort has been wasted designing and 
installing outdoor studies that end up with adequate rainfall and high survival. For 
example, in one study (South et al. 2012), treatments that received rainfall resulted in 
a LSD of 5.3 but the difference in survival was only 1% (95% vs 96%). However, when 
these seedlings were planted under a roof and exposed to a four-month drought, the 
treatment effect was significant (P = 0.007; LSD = 14.6; means were 28% and 74%).  
Approximately one-third of the studies listed in Table 3 could have been established in 
a roofed stress house. 
 
4.8 Use Figure 1 to Evaluate Your Study  
 
After analyzing a seedling survival trial, researchers may want to evaluate their 
study design. A simple way is to plot the LSD value (α =0.05) on the Y-axis of Figure 1 
with the lowest treatment mean on the X-axis. If the point is below the slope-line, 
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your study is above average. However, if the point is above the line, you might need to 
increase the number of replications in future trials. 
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